Objectives-Sonography is often used in the evaluation of forefoot disorders, and its use has been suggested in the diagnosis of plantar plate tears. This study aimed to assess the accuracy of sonography in the diagnosis of plantar plate tears of the lesser digits using gross dissection as the reference standard.
D egeneration and tears of the plantar plate have been implicated in metatarsalgia, metatarsophalangeal (MTP) joint instability, and toe deformity. 1, 2 Although the diagnosis of a plantar plate tear is sometimes evident on the basis of the clinical presentation, imaging evaluation may play an important role in diagnosis now that surgical repair is more frequently advocated. 3 Historically, the diagnosis of a plantar plate tear relied on arthrography. Today both magnetic resonance imaging (MRI) and sonography can be used in the diagnosis. Gregg et al 4 reported sensitivity and specificity of MRI to be 96% and 0% and of sonography to be 100% and 0%, respectively, in the assessment of cadaveric plantar plate tears. In a later investigation involving live patients, Gregg et al 5 reported sensitivity of 87% for MRI and 96% for sonography, again with low specificity. In a similar study, Klein et al 6 reported sensitivity and specificity of 73.9% and 100% for MRI and 91.5% and 25.0% for sonography.
Given the high sensitivity, availability, and relatively decreased cost compared to MRI, sonography is becoming an increasingly used tool in the investigation of plantar plate disorders. This study aimed to determine the accuracy of sonography in diagnosing plantar plate tears in the lesser MTP joints of cadavers, using findings at gross dissection as the reference standard. In an attempt to improve on prior investigations, a higher-frequency ultrasound transducer (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) MHz) was used than what was used in any of the previous studies. In addition, all examinations were performed during dynamic dorsiflexion of the MTP joints to better visualize tears. A secondary goal of this study was to determine whether sonography was less effective as the size of the plantar plate decreased.
Materials and Methods
Institutional Review Board approval was obtained for the study. Six fresh frozen cadaver feet were provided at random from a local medical school, yielding 24 lesser plantar plates for evaluation. Brief historical data were provided for each cadaver. Before the study, an additional separate foot was dissected, and the authors reviewed the gross anatomy of the plantar plate.
The feet were thawed, and the plantar plates from the second through fifth toes were scanned with a LOGIQ E9 ultrasound machine (GE Healthcare, Milwaukee, WI) using an L8-18i probe (GE Healthcare). A single fellowship-trained musculoskeletal radiologist performed the examinations. Sonography was performed from a plantar approach in the short and long axes in relation to the flexor digitorum longus tendons. Dynamic examination with passive maximum dorsiflexion was used during the long-axis examination in an effort to better visualize tears. Cine imaging in both the short and long axes was obtained for all plates. To ensure that imaging was performed perpendicular to the plantar plate, attention was directed toward maintaining a welldefined appearance of the articular cartilage and subchondral bone of the MTP joints. Focal hypoechoic or heterogeneous regions in the plantar plate were interpreted as signifying the presence of a tear, as reported in prior investigations. [4] [5] [6] Results were recorded as positive or negative for a plantar plate tear in each digit at the conclusion of each examination. The thickness of the tears was not specifically assessed, and partial-and fullthickness tears were not routinely distinguished.
The feet were then dissected. A single podiatrist performed all dissections. The plantar plates were exposed from both dorsal and plantar approaches and inspected for evidence of tears. Thickness of the tears was again not routinely recorded. The podiatrist was blinded to the results of the sonographic examinations.
Findings at sonography and gross dissection were then compared. The sonographic findings were characterized as true positive, false positive, true negative, and false negative. The sensitivity, specificity, accuracy, and positive and negative predictive values of sonography in the diagnosis of plantar plate tears were calculated.
A Cochran-Armitrage trend test was used to determine whether there was any association with plantar plate size and the accuracy of sonographic evaluation. The plantar plate number was used as a rough marker of plantar plate size, with the lesser-numbered plates expected to be larger in size.
Results
One foot was obtained from a 58-year-old woman; 1 foot was obtained from a 66-year-old man; 2 feet were obtained from a 72-year-old woman; and 2 feet were obtained from an 80-year-old man. The 58-year-old woman had a reported history of osteoarthritis of the thumbs and ankles. No other cadavers had a reported history of rheumatologic or other musculoskeletal conditions or lower extremity trauma. The gross anatomy of the plantar plate was reviewed by the authors before commencing the study. On gross inspection, the normal plate was seen as a homogeneous hammock-shaped structure just plantar to the lesser MTP joints (Figure 1 ). The distal plate was seen to diverge into medial and lateral bundles to insert onto the proximal phalanx. Many plates showed an attenuated central reddish area between these bundles without discrete tears ( Figure 2) .
Sonographically, normal plantar plates appeared as homogeneous echogenic structures spanning the plantar aspects of the MTP joints ( Figure 3) . A plantar plate tear was identified as a hypoechoic or heterogeneous defect in the homogeneous substance of the plate. In total, 10 of the 24 plantar plates were scored as torn on sonographic evaluation. Nine plantar plate tears were identified on gross inspection. Of the positive sonographic cases, 7 were confirmed to be torn on direct inspection (true positive). Three of the plantar plates graded as torn on sonography were found to be intact on direct inspection of the plate (false positive). Fourteen plates were assessed to be intact on sonography. Twelve of these were found to be intact (true negative), and 2 were torn on gross analysis (false negative). These findings resulted in a calculated accuracy, sensitivity, specificity, positive predictive value, and negative predictive value of 79.2%, 77.8 %, 80.0%, 70.0%, and 85.7%, respectively. Of the 7 true-positive cases, plantar plate tears appeared as homogeneously hypoechoic defects in 3 cases (Figure 4 ) and as areas of heterogeneous echo texture in 4 cases ( Figure 5 ). All tears occurred in the distal plate. Most of the tears were visible with passive dorsiflexion of the MTP joint on static examinations. A few were only confidently seen with dynamic dorsiflexion on cine examinations (Video 1).
Sonographic and gross pathologic findings were found to be concordant in 5 of 6 second plates, 4 of 6 third plates, 5 of 6 fourth plates, and 5 of 6 fifth plates. These findings led to agreement rates of 83.3% for the second plate, 66.7% for the third plate, 83.3% for the fourth plate, and 83.3% for the fifth plate (P 5 .822). As seen, there was very little variation among sonographic and dissection agreement rates for plate location; thus, we found no evidence of an association between sonographic accuracy and plate size.
Discussion
The plantar plate of the lesser toes is a fibrocartilaginous structure immediately plantar to the MTP joints ( Figure  1 ). It is trapezoidal to rectangular in shape. 7 The plate averages 18.8 mm in length and is longer in the second and third toes than in the fourth and fifth toes, averaging 20 and 17 mm, respectively. 8 Together with the collateral ligaments, the plantar plate forms a soft tissue box that stabilizes the MTP joint. Proximally, the plantar plate attaches to the collateral ligaments and distal bands of the plantar fascia and has loose synovial-like attachments to the metatarsal head. 7, 8 Distally, the attachment to bone is stronger, with the full thickness of the plate attaching directly to bone via medial and lateral bundles. These bundles attach just adjacent to the articular surface of the proximal phalanx, forming a socket for the metatarsal head. 8 Medially and laterally, the plantar plate is contiguous with the intermetatarsal ligaments. 8 Once a little-known structure, growing attention has been paid to the plantar plate and the condition of plantar plate tears. With its central location and multiple attachments, the plantar plate is a major stabilizer of the lesser MTP joints. 8 Additionally, it functions to withstand weight-bearing loads and withstands tensile forces in line with the plantar fascia. 7, 8 Tears of the plantar plate have been implicated in metatarsalgia and MTP joint instability and deformity. Any process that leads to abnormal loading of the forefoot or inflammation of the MTP joints can lead to attenuation and an eventual tear of the plantar plate. 1, 2 Commonly implicated causes include repetitive trauma and constricting shoes. 5, 9 Additional associations include hallux valgus and rigidus and a long second metatarsal. 1, 2, 10 Being most common in the second digit, plantar plate tears typically present with focal pain and tenderness along the plantar surface of the affected MTP joint.
1,2 Symptom onset is acute or subacute, although chronic pain is not uncommon as well. 2 Clinically, the presentation may be difficult to differentiate from an interdigital neuroma, and it is not uncommon for patients to have received prior treatment for a presumed neuroma at the time that a plantar plate tear is diagnosed. 2 Over time, altered biomechanics lead to dorsal and transverse subluxation of the joint with resulting deformity. 10 Deformities include hammer toe, claw toe, and medial crossover deformities. 1 Most commonly seen in the second toe, crossover deformity initially presents as a medial angulation and deviation of the digit, with resultant widening of the adjacent lateral web space. Eventually, with worsening joint instability in the sagittal plane, the second toe comes to overlie the great toe. 2, 10 Apart from tenderness, a tear may be suggested on physical examination as a loss of toe purchase and elicitation of pain or successful dorsal subluxation of the proximal phalanx at the MTP joint with applied force: a positive vertical stress test result. 1, 2 In our sonographic study, the normal plantar plate appeared as a homogeneous slightly echogenic structure located just plantar to the lesser MTP joints and dorsal to the flexor tendons. [4] [5] [6] Tears appear as hypoechoic or heterogeneous defects in the homogeneous substance of the plate. [4] [5] [6] Tears are most clearly identified in the longitudinal plane, with transverse images used for localization of the tear. 4 Dorsiflexion of the toe causes the plate to become more taut, aiding in the identification of the tear. 6 Although not applicable in cadavers, prior reports have described the use of color Doppler imaging to evaluate for hyperemia surrounding a tear. 5, 6 Despite the relative thickness of the distal plate and the more substantial attachment to the proximal phalanx, tears are most commonly distal, near the insertion into the proximal phalanx, as seen in all cases in our study and as reported in other investigations. 1, [4] [5] [6] 9, 10 Tears begin adjacent to the articular surface, potentially progressing plantarly to become full-thickness tears. 4, 5 Previous reports have quoted the sensitivity of sonography as 91.5% to 100%, with low specificity. [4] [5] [6] Our results showed somewhat lesser sensitivity of 77.8%. Interestingly, our results showed much higher specificity of 80.0%. This finding was due to the larger number of intact plates in our study compared to prior studies. Many of the plates examined showed a central area of thinning between the medial and lateral bundles inserting on the phalangeal bases, which appeared as an attenuated reddish area on gross inspection (Figure 2 ). It is unclear whether this appearance reflects a normal variation or degeneration without a frank tear, and further studies are necessary in this regard. Given the substantial discrepancy in specificity between our study and prior investigations, we question whether this area of central thinning may have been interpreted as evidence of a tear in prior investigations, leading to spuriously low specificity in previous reports. We have found dynamic scanning during dorsiflexion to be especially useful in distinguishing this central thinning from discrete tears.
The sonographic examinations for the 2 falsenegative and 3 false-positive cases were retrospectively reviewed. In one of the false-negative cases, a tiny hypoechoic area was noted in the distal plate near the phalangeal insertion on the long-axis cine clip but was not visible on the short-axis cine clip or recorded static images. In hindsight, this area may have represented the tear noted on gross inspection. Review of the other false-negative case failed to identify the tear. Prominent osteophytes along the phalangeal base were noted, which may have overshadowed an underlying tear. The 3 false-positive cases all arose in the same foot. This cadaver had a greater degree of degenerative changes at the MTP joints relative to the others. Prominent synovial fringes were noted at the MTP joints, which were likely mistaken for tears during prospective scanning. On retrospective review, the plates appeared intact. Retrospective review of these false-negative and falsepositive cases demonstrates the value of reviewing the imaging both during scanning and at the workstation, as is often the case in clinical practice.
Given the difficulties in evaluating small joints, we questioned whether sonography might be more accurate in the larger plantar plates. This idea did not prove true, as no association was seen between the accuracy of sonography and plate size, using the digit number as a surrogate marker for plate size. Given the technical challenges of MRI in the evaluation of smaller joints, particularly when symptoms are attributable to multiple plantar plates or different plates in both feet, sonography may be both a more accurate and technically less-demanding modality. To our knowledge, no studies of MRI accuracy with varying plate size have been reported. A direct comparison of the accuracy of sonography and MRI with varying plate size would be informative in this regard.
We recognize several limitations of this study. As only cadaver material was used, it is unclear whether patients with painful MTP joints would tolerate the degree of passive dorsiflexion frequently used during our scanning protocol. The small number of feet as well as the lack of power Doppler evaluation were additional limitations. As all sonographic examinations were performed by a single radiologist, interobserver reliability was not assessed. The examinations were interpreted at the time of scanning, and no retrospective review was performed to assess intraobserver variability.
This study supports the findings of prior investigations that sonography is an accurate tool in the investigation of plantar plate tears. In addition, the calculated specificity of sonography of 80% in our sample likely more accurately reflects the utility of sonography in the diagnosis of plantar plate tears compared to the very low values cited in prior works.
